Abstract-In this paper, a four-band metamaterial absorber (MA) based on flower-shaped structure is proposed. The design, simulation, fabrication, and measurement of the absorbers working in four bands are presented. Simulation results show that the MA has four distinctive absorption peaks at frequencies 6.69 GHz, 7.48 GHz, 8.67 GHz, and 9.91 GHz with the absorptivity of 0.96, 0.99, 0.99 and 0.98, respectively. Experiment results matches well with the simulation. Both experiment and simulation results exhibit that the MA are polarization-insensitive for TE wave and TM wave. The flower-shaped structure is also suitable for designing of a four-band THz and even higher frequency MM absorber, which would be a promising candidate as absorbing elements in scientific and technical applications.
INTRODUCTION
Metamaterials (MMs) have gained plenty of attention during the past few years for its exotic properties, such as perfect lens [1] , negative refraction [2] , filters [3] and cloaks [4, 5] , which can be seldom achieved by traditional materials. As an artificial medium, the permittivity and permeability of the MMs can be tuned by changing geometric dimension and shape [6] . Multi-band operation properties of MMs also can be realized by multiple-frequency resonators design [7, 8] . Generally, more or less power losses could be existence when electromagnetic (EM) waves impinge on MMs, many applications would be desirable to maximize this losses, such as the absorber. In 2008, Landy et al. [9] first presented a perfect MM absorber (MA) in a narrow-band which can absorb all the incident EM waves by tuning the magnetic and electrical resonances. This MA maybe found some potential applications, such as thermal imaging, thermal bolometer, wavelength selective radiation, stealth technology, and so on.
To achieve perfect absorption, the designed MA usually consists of three or more layers sub-wavelength coupling structures of the electric resonator combined metal wire or sheet layer. The absorption of MAs can be defined as A(ω) = 1 − R(ω) − T (ω), where A(ω), R(ω), and T (ω) are the absorption, reflection, and transmission as functions of frequency ω respectively. From microwave to optical frequency, lots of MAs were proposed and investigated widely [10] [11] [12] [13] [14] [15] [16] [17] . However, most of the MAs work only for one particular polarization or narrow-band. Then, many efforts were paid to make the MA achieve polarization-insensitive and wideband absorption to dualband/multi-band/broadband [18] [19] [20] [21] [22] . However, multi-band especially four narrowband polarization insensitive MAs are seldom reported.
In this paper, we propose a four band polarization-insensitive MA based on flower-shaped structures. Simulation results show that the proposed MA has four distinctive absorption bands whose peaks are over 96%. Both simulation and experiment results exhibit that the MA is polarization-insensitive, which is potential to be used in devices such as bolometer and detection of explosives.
DESIGN, SIMULATION AND EXPERIMENT
The designed four-band MA was inspired by the narrow-band perfect absorber structures in Ref. [23] which were composed of flower-shaped structure sandwiched with dielectric substrate and continuous film. The unit cell of designed MA structure is displayed in Fig. 1(a) . The designed MA consists of two metallic layers separated by a dielectric spacer, each of the metallic layers is copper with 30 µm in thickness and frequency independent conductivity σ = 5.8×10 7 S/m. To achieve four band perfect absorptions, four flower-shaped structures with different geometrical parameters are positioned on a co-planar in a unit cell. As shown in Fig. 1(b) , the each flower-shaped structure has geometry of a symmetrical four-petal flower, which is the intersections of two circles with the same area, where r is the radius. The dielectric layer is modeled as FR-4 with a permittivity of 3.55 and a loss tangent of 0.025. The optimized geometry dimension parameters of the unit cell are as follows: t = 1.14 mm, p = 20 mm, r 1 = 4.5 mm, r 2 = 4 mm, r 3 = 3.5 mm, r 4 = 3 mm.
The absorption could be calculated by using the equation sion. A full wave EM simulation was performed to get the reflection parameter S 11 based on the standard finite-difference time domain (FDTD) method. The periodic boundary conditions were applied to the x and y directions and the absorbing boundary conditions were applied to the z direction. To demonstrate the microwave absorption, the designed structures were fabricated into a 20 × 20 unit cell sample (200 mm × 200 mm × 1.2 mm) by the conventional printed circuit board (PCB) process with the same structural parameters as the simulation model, and the portion photography of the fabricated MA sample is shown in Fig. 1(c) . Agilent PNA-X N5244A vector network analyzer connected to the two standard gain broadband linearly polarized horn antennae that produced microwaves in the range of 5-12 GHz were employed to measure the reflection of MA in an EM anechoic chamber. We can rotate the antenna polarization from 0 • to 80 • in 10 • steps to verify the polarization-insensitive feature of the proposed absorber.
RESULTS AND ANALYSES
The simulation and experiment results are shown in Fig. 2 It indicates that the impedance of proposed MA can be tuned to approximate match to the free space in our interested frequency range. The full width at half-maximum (FWHM) of each absorption peak is 0.46 GHz, 0.51 GHz, 0.52 GHz and 0.44 GHz, respectively. For the experiment results, which matches reasonably well with simulation results across the whole frequency range and there exist slight deviations in resonant peaks. These discrepancies are mainly due to the following two reasons: Firstly, there exist the tolerances in the fabrication and the imperfection in measurements. Secondly, it could exist the excessive smoothing in the experimental data processes. To better understand the physical mechanism of the four bands MA, we study the power loss density distribution of the four resonances, as shown in Fig. 3 . According to the previous study [23] , the frequency of the flower-shaped structure MA peak can be easily controlled by adjusting the petal size without affecting the absorption. On the other hand, the MA peak frequency is linear inverse with the square root of the radius of the petals (r). Thus, the resonant frequency (f 0 ) of the absorption is primarily determined by radius of the petals (f 0 ∼ 1/ √ r). As shown in Fig. 3 , the four resonance peaks are corresponding to four different geometric parameters petals, and the power loss densities distributions with the four different resonant frequencies are centered on the edge of the four different petals, respectively. For four flower-shaped structures in a unit cell, four distinct located resonances are observed at 6.69 GHz, 7.48 GHz, 8.67 GHz, and 9.91 GHz as shown in the Figs. 3(a)-(d) . It is also found that the power loss accumulates at the space neighboring of the petals at resonances, where the energy is significantly reinforced and subsequently converted into thermal energy leading to strong absorption [23] . The power loss density distribution further indicates the near perfect absorptions of the four bands MA is mainly due to the local EM coupling resonance mechanism. The absorptions of the proposed MA for different polarization angles with TE and TM modes ranging from 0 • to 80 • are also calculated and measured, as shown in Fig. 4 . For the TE case and TM case of the simulation, the peak absorption remains greater than 95% and changes very little. While for the TE case and TM case of the experiment, the absorption peaks at resonance are about 85%, smaller than the simulation results. However, the absorptions almost keep the same for different polarization angles. The measurement environment difference and fabrication imperfection contribute to the discrepancies between simulation results and experiment ones. Both the simulated and experimental results indicate that the MA is four bands and polarization-insensitive.
In fact, the four-band perfect absorptivity can be realized at THz, infrared frequencies and even optical frequencies if the dimensions of the flower-shaped structure are reduced to micro-, nano-and even lower scale. For a typical example, we can give a design for four-band perfect absorptivity in THz region. Similar to the design of He et al. [12] , 
CONCLUSION
In summary, the absorption properties of a four-band MA based on flower structure are studied. The simulation results show the four absorption peaks can reach over 96%, which matches reasonably well with the experiments. The near perfect absorptions of the four-band MA is mainly due to the local EM resonance mechanism by simulating the power loss density distribution. Furthermore, both simulations and experiments exhibit that the absorptions of the deigned MA are nearly unchanged for different polarization angles with TE and TM modes. Moreover, the four-band perfect absorptivity can be realized at THz region when the dimensions of the flower-shaped structure are reduced to micro scale. Such a design can have some potential applications in thermal detectors, THz imaging and stealth.
